Key words: retinal pigment epithelium/immunocytochemistry/Na, K-ATPase/glucose transporter/insulin receptor/transferrin receptor ABSTRACT. The retinal pigment epithelium (RPE) is unique in that Na, K-ATPase is predominantly localized on its apical surface. Westudied the distributions of Na, K-ATPase and glucose transporter GLUT1,insulin and transferrin receptors in developing rat RPE cells immunocytochemically. Na, K-ATPase, first detected in 17-day-old embryonic eyes, was already distributed predominantly on the apical surface. This reversed distribution of Na, K-ATPasewas maintained throughout their life. Insulin receptor and transferrin receptor were distributed exclusively on the basolateral surface. By quantitative immunogold electron microscopic technique we found that glucose transporter GLUT1is distributed almost equal in amount on both the apical and basolateral surfaces of RPEcells, thus presumably constructing an efficient pathway for glucose transport from the choriocapillaries to the neural retina through the blood-retinal barrier. These results suggest that in the RPE cells the intrinsic basolateral plasma membrane proteins are sorted out at least in three different ways.
The retinal pigment epithelium (RPE) is composed of single layer of cells, and plays important roles in the visual function, such as phagocytosis of the rod outer segments on the apical surface and active transport of various substances from the underlying choriocapillaries on the basal surface. Na, K-ATPase is located usually on the basolateral plasma membrane (21) . Contradictory to the general rule, Na, K-ATPase in the RPE cells of rat is distributed predominantly on the apical surfaces (17, 18, 27) . In chicken, apical distribution of Na, K-ATPase is already established at the embryonic stage (20) . It is unclear, however, when this reversed distribution is established in the mammalian RPE cells. Cytoskeletal proteins such as ankyrin and fodrin are also reversely localized together with Na, K-ATPase (9). In this relation, it is interesting to examine the distribution of the other plasma membraneproteins in the RPE cells.
Erythrocyte/Hep G2-type glucose transporter (GLUTl) is present on both the apical and basal surfaces of the RPE (23, 25) , though it localizes exclusively on the * To whomcorrespondence and requests for reprints should be addressed.
Abbreviations: RPE, Retinal pigment epithelium; GLUT1; Glucose transporter type 1; NCAM, Neural cell adhesion molecules; PBS, Phosphate buffered saline; BSA, Bovine serum albumin; MDCK, Madin-Darby canine kidney. basolateral surface of proximal tubule cells of the kidney (24) . Recently it has been demonstrated that transmembrane isoform of neural cell adhesion molecules (NCAM) exists on the apical surface of RPEcells (8). In this paper we investigated the localizations of Na, K-ATPase,GLUT1 , insulin receptor and transferrin receptor in the RPEcells of the developing and adult rat eyes. Na, K-ATPase was always distributed predominantly on the apical surface of RPEcells. GLUT1distri-buted almost evenly on both surfaces of RPE cells. Insulin and transferrin receptors were located exclusively on the basolateral surface of the RPEcells.
MATERIALS AND METHODS
Animals. Fetal, neonatal and adult male Sprague-Dawley rats were used. Adult rats were given commercial chowand water ad libitum. All animals were used in accordance with the guidelines established by the Association for Research in Vision and Ophthalmology (ARVO)Resolution on the Use of Animals in Research.
Antibodies. Purification of Na, K-ATPase from the rat kidney and the procedure for immunization of rabbits have been described in detail elsewhere (1). The monospecific antibody against a-subunit of Na, K-ATPasewas affinity purified (22) . Antiserum against GLUT1was purchased from Chemicon International Inc., Temecula, CA. Monoclonal antibody Deguchi et al. (5) . To inactivate endogenous peroxidase activity, the cryosections were treated for 30 min in PBS containing 0.3% H2O2. After washing with PBS, these cryosections were incubated first with 20%normal goat serum in PBSfor 15 min, and then for 1 hr with either antibody against a-subunit of Na, K-ATPase (2^g/ml) or antiserum against GLUT1diluted x 2,000 with PBS containing 0.5% bovine serum albumin (BSA) and 0.3% Triton X-100. After washing with PBS containing 0.5% BSA and 0.3% Triton X-100, the cryosections were reacted with biotinylated goat anti-rabbit IgG (5 /ig/ml) for 30 min, washed with PBS, and treated with avidin-biotinylated peroxidase complex (Vecta stain ABCkit, Vector Laboratories, Inc., Burlingame, CA). After diaminobenzidine-H2O2 reaction and counterstaining with methylgreen, they were observed under a light microscope. When mouse monoclonal antibodies against insulin receptor or transferrin receptor (2^g/ml) were used, cryosections were incubated with 20% horse serum in PBS before primary antibody incubation, and biotinylated goat anti rabbit IgG was replaced with horse anti mouse IgG. Immunogold electron microscopy. For electron microscopy, we used the protein A-gold technique. The specimens were obtained from the equatorial area of the retina fixed as described above. They were dehydrated in graded ethanol, and embedded in LR White resin (Bio Rad Microscience Division, Watford, UK) at -20°C using an ultraviolet-ray polymerizer (TUV-200, Dosaka EMCo., Kyoto, Japan) as described previously (22) . Ultrathin sections were cut from the LRWhite embedded retina, and picked on collodion-coated nickel grids. These grids were floated on drops of 0.5% BSA in PBS for 5 min, incubated with antiserum against GLUT1 ( x 2.00 diluted) and non-immunerabbit serum as a control for 30 min, and subsequently with protein A-gold (8 nm in diameter, 00525=0.08) for 15 min. After washing several times with 0.1 Mcacodylate buffer, pH 7.4, sections were fixed with 5%glutaraldehyde, stained with 2% uranyl acetate for 10 min and Reynold's lead citrate for 1 min, and then observed with a H-7000 electron microscope (Hitachi Ltd., Tokyo, Japan). Quantitative analysis of immunogoldlabeling. Electron micrographs of the apical and basolateral surfaces of the RPEcells were taken and enlarged to a final magnification of x 37,500. The numbers of gold particles on cross-sectional profiles of membraneswere counted, and the lengths of the membrane were measured by a graphic digitizer (SD-31 1, Wacom, Tokyo, Japan) connected to a personal computer (PC-9801 CV, NEC, Tokyo, Japan). The average number of gold particles per pmof the membraneswas calculated. The total length of the plasma membrane measured was~500 fim in adult rat RPE cells and -1,000 ptm in neonatal rat RPEcells.
RESULTS
Localization ofNa, K-ATPase in RPE. Figure 1A shows RPEin an adult rat eye which was incubated with the antibody against a-subunit of Na, K-ATPase and stained with ABCtechnique. In the RPE of adult rat eye the apical membranes were predominantly stained (Fig. 1A) . The same apical staining for Na, KATPase was seen in 4-day-old (Fig. IB) and 1-day-old (Fig. 1C ) rat eyes in which the rod outer segments were not yet developed, indicating that the neural retina was still immature. Figure ID shows RPEof a 17-day-old embryonic rat eyes. Na, K-ATPase is distributed already on the apical membrane. In the 13 and 15-day-old embryonic rat eye, Na, K-ATPasewas not clearly visualized in the RPE (data not shown).
Localizations of insulin receptor and transferrin receptor. Figures 2A, B show the distributions of insulin receptor and transferrin receptor on the RPEof a 4-day-old rat eye, respectively. Both insulin receptor and transferrin receptor localized on the basolateral surface of RPElayer. The plasma membranesof neuroblastic cells were also stained by monoclonal antibody for on both the apical and basolateral plasma membranes in the adult (Fig. 3A) , neonatal (Figs. 3B, C) and fetal ( Fig. 3D ) rat eyes.
To investigate distribution of GLUT1in more detail, we examined its localization by quantitative immunogold technique. Figures 4A, B show an adult rat RPE cell. Gold particles were bound to both the apical and basolateral surfaces. In the 4-day-old rat eye (Figs. 4C,  D) , where microvilli were not well developed yet, gold particles were detected on both surfaces. Whenthe sections were incubated with non-immunerabbit serum as a control experiment, gold particles were rarely observed. Table I shows the average number of gold particles per [ivn of each domain of the plasma membrane. The specific density was calculated by subtracting the density of control specimen from that of experimental ones. In adult rat RPE cells, the specific density of gold particles on the basolateral surface (^0.5///m) was higher than that on the apical surface (^0.2//mi). In neonatal rat, however, the specific density on the basolateral surface (~0.3/^m) was almost equal to that on the apical surface (-0.3///m). To calculate the total number of gold particles on each membranedomain of the RPEcells, we measured the total length of cell profiles on the electron micrographs. The membranelength of apical surface profile of the RPEcells was about four times longer than that of the basolateral surface in adult rat, and was almost equal to that of the basolateral surface in neonatal rat (Table I) . Consequently, it was estimated that the total number of the gold particles bound to the apical and basolateral surfaces is nearly equal in both the adult and neonatal RPEcells.
DISCUSSION
It has been well established that Na, K-ATPase is localized exclusively on the basolateral plasma membranes of the epithelial cells. In the RPEcells, however, Na, K-ATPase is mainly located on the apical plasma membranes (17, 18, 20, 27) . Okami et al. (17) showed by quantitative immunogoldelectron microscopy that approximately 85% of Na, K-ATPase was distributed on the apical surface of the adult rat RPEcells. It has been suggested that Na, K-ATPase in the RPE cell is a manifestation of functional adjustment of the RPE cells to generate water flow from the sensory retina to the choroid which is responsible for absorption of the subretinal fluid and the force power of adhesion between the RPEand the neurosensory retina (28) , but the detailed mechanisms for this water flow have yet to be fully clarified. In the chicken embryonic RPE cells, the reversed distribution of Na, K-ATPase to the apical surface is started on the 7th day in the development in peripheral RPE cells and spreads to the posterior region (20) . In mammalianrat RPE cells, we observed the apical localization of Na, K-ATPase in the RPE cells in 17-day-old embryos whenthe neural retina and the rod outer seg- Fig. 4 Electron micrographs of the RPE cells of adult (A, B) and 4-day-old (C, D) rat eyes embedded with LR White. Ultrathin sections were incubated with antiserum against GLUT1and followed by staining with protein A-gold complex (8 nm). In adult rat, gold particles bind to both the apical surface (A) and the basal surface (B). In four day neonatal rat, the same reactions are seen on both the apical (C) and the basolateral surfaces (D), though the photoreceptor cells are immature and microvilli are not yet well developed. MV,microvilli. BM, basement membrane. ROS, rod outer segment. BI, basal infolding. PC, photoreceptor cell. Original magnification x 37,500; bar=0.5 /mi. ments were still immature and developing. This fact suggests that the maturation of the neural retina or rod outer segments is not requisite for the apical localization of this enzymein rat RPEcells. The distribution of apical membranemarkers protein such as 5'-nucleotidase was not reversed on the RPE cells (ll). This raises the question as to the distribution of all the basolateral membraneprotein makers reverse similarly to Na, K-ATPase. Actually it has been reported that NCAM localizes on the apical surface of RPE cell (8), whereas integrins, which are known as basal membrane proteins of many epithelial tissues (13) are localized on the basolateral surface of the RPEcells (19) . We have analyzed the distribution of GLUT1, insulin receptor and transferrin receptor. Erythrocyte/Hep G2-type glucose transporter (GLUT1)is known as a facilitative carrier protein for glucose. This membraneprotein localizes on the basal surfaces of the epithelial cells in rat kidney as described by Takata et al. (24) . GLUT1, however, localizes on both the apical and basolateral surfaces of the cells of blood-tissue barriers, for example, the endothelial cells which form blood-brain barrier in cerebellum (23) and the RPE cell layer which form blood-retinal barrier (6, 23, 25) . Takata et al. suggested that this bilateral distribution of GLUT1protein in the RPE cells is necessary for transporting glucose molecules from the choriocapillaries through the blood-retinal barrier to the neural retina (25) .
In this study, we confirmed the bilateral distribution of GLUT1in the RPE cells and further analyzed the distribution quantitatively in the RPE cells of adult and neonatal rat eyes. In adult RPEcells, the specific binding of GLUT1on the basolateral surface is about 3 times higher than that on the apical surface. The width of the apical surface is about 3 times larger than that of the basolateral surface. This means that GLUT1is distributed almost equally on both surfaces in adult rat RPE cells. In neonatal RPE cells, the specific binding of GLUT1 in the basolateral surface is almost equal to that in the apical surface, and the membranelength of both the surfaces is also almost equal. Therefore, GLUT1is also almost equally distributed on both the surfaces (Table I) . Operationally and functionally, the neural retina is usually considered to be composed of the outer (lightdetecting) photoreceptor cells and the inner (signal-processing) layers. In man, monkey, cat, dog, mouse, and frog, the photoreceptors receive their blood supply from the choroidal circulation, which accounts for about 70-80% of the oxygen consumed by the neural retina; the inner layers of the retina, whose oxygen utilization is far less than that of the photoreceptors, receive their blood supply from the retinal circulation (3 (16) . The polarized distribution of Na, K-ATPase in MDCKcells is suggested to be generated by preferential retention of active enzymein the basolateral membranedomain and selective inactivation and loss from the apical membrane domain (10). It has been reported that in the RPE cells ankyrin and fodrin colocalize on the apical surface together with Na, K-ATPase (9). It has been reported that the cytoplasmic tails of transferrin receptor and insulin receptor serve as the sorting signal to the basolateral surface (12, 15) . It has yet to be clarified how GLUT1is distributed to the plasmamembranes.
It is interesting to examine whether the distribution of the cytoskeletal proteins such as ankyrin and fodrin is related with such differences in the localizations of Na, K-ATPase, GLUT1, insulin receptor and transferrin receptor in the RPEcells and howthese proteins are sorted to the correct and restricted domain of the plasma membrane.
